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Abstract 

Results  of  investigations  of  combustion  of  liquid  hydrocarbon  fuel  jets  aerated 
by  air  in  a  supersonic  flow  in  the  two-dimensional  diverging-area  supersonic 
combustor  are  presented.  Direct-connect  combustor  tests  were  conducted  at  the 
combustor  entrance  Mach  number  M=2.5  and  total  temperature  in  the  range  of 
Tt=1635-1742K.  The  liquid  hydrocarbon  fuel  supply  into  the  combustor  was 
executed  through  the  modified  (in  comparision  with  the  baseline  )  aeroramp 
configurations  :  1)  installation  of  baseline  aeroramps  at  the  upper  and  bottom  walls  of 
the  combustor,  2)  combined  fuel  feed  through  injector  nozzles  of  aeroramps 
separetely  of  air  and  of  fuel  aerated  by  air,  3)  injectors  with  the  different  from 
baseline  aeroramps  angles  of  fuel  injection  and  geometry  nozzles.  The  results 
obtained  with  the  modified  aeroramp  configurations  are  superior  to  earlier  ones 
obtained  with  baseline  aeroramp  configuration. 
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1.  Introduction 

The  second  stage  of  the  investigation  of  the  supersonic  mixing  and  combustion 
enhancement  technique  was  initiated  and  supported  by  Air  Force  Office  of  Scientific 
Research  (AFOSR)  USA,  contract  F61775-98-WE118,  SPC  98-4078.  The 
investigations  were  done  in  cooperation  with  Dr.  Th.  Jackson  and  Dr.  M.  Gruber,  and 
Dr.  Ch.Raffoul,  as  the  technical  monitor. 

The  objective  of  the  second  stage  was  to  study  the  efficiency  of  application  of 
"aeroramp"  configurations  (gas  wedges)  to  inject  the  liquid  hydrocarbon  fuel  aerated 
by  air  for  enhancement  of  the  supersonic  mixing  and  combustion.  The  following 
results  were  obtained  [1]: 

•  The  fuel  supply  through  aeroramp  -  injectors  forms  in  a  supersonic  flow 
wave  structure  similar  to  one  around  the  wedge  injector  (in  full  correspondence 
with  the  supposition  [2,3]). 

•  The  fuel  supply  through  aeroramp  -  injectors  results  in  a  quite  large 
nonuniformities  in  vertical  fuel  distribution  in  the  combustor  duct  with  the 
maximum  fuel  concentration  in  the  proximity  of  the  wall  at  which  aeroramps  were 
installed. 

•  The  aeroramp-injectors  result  in  less  intense  combustion  process  in 
comparison  with  the  tube-injectors. 

•  The  aeroramp-injectors  provide  a  larger  domain  of  the  stable  combustion 
in  comparison  with  the  tube-injectors. 

•  Type  of  gas  used  for  aeration  of  the  liquid  hydrocarbon  fuel  has  a  minor 
influence  on  the  intensity  of  the  mixing  and  combustion  in  the  supersonic 
combustor. 

The  above  results  have  shown  clearly  the  necessity  of  the  further  research  of 
aeroramp  configuration.  The  evaluation  of  the  earlier  obtained  results  was  made  by 
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Dr.  Th.  Jackson  and  Dr.  M.  Gruber  (by  correspondence  course),  by  Dr.  Lee  Bain  and 
Dr.  Ch.  Raffoul  during  joint  technical  meeting  which  took  place  at  TsAGI  13  July, 
1999,  Zhukovsky,  Russia,  devoted  to  the  key  results  of  work  fulfilled  in  the  frame  of 
the  contract  F61775-98-WE1 18.  They  expressed  also  the  expediency  of  the 
continuation  of  the  research  directed  to  improve  the  characteristics  of  aeroramp  - 
injectors  and  technology  of  their  application. 

The  main  suggestions  are  as  follows: 

•  To  reach  the  better  uniformity  in  vertical  fuel  distribution  in  the  combustor 
duct  at  the  expense  of  the  installation  of  aeroramps  at  the  upper  and  bottom  walls  of 
the  combustor. 

•  To  increase  fuel  jets  penetration  by  changing  hydrodynamical  structure  of  the 
jets  forming  a  gas  wedge  and,  in  particular,  by  using  combined  fuel  feed  through 
injector  nozzles  separately  of  air  and  of  fuel  aerated  by  air. 

•  To  increase  fuel  jets  penetration  by  choosing  the  different  from  baseline 
aeroramp  angles  of  fuel  injection  (it  is  supposed  to  increase  the  angle  of  injection 
through  separate  injector  nozzles  and  thus  to  change  geometry  of  their  mutual 
arrangement). 

The  aim  of  the  present  third  stage  of  the  work  (which  is  done  in  the  frame  of  the 
contract  Contract  F61775-99-WE050,  SPC  99-4050,  Air  Force  Office  of  Scientific 
Research  (AFOSR),  USA)  is  to  study  the  supersonic  mixing  and  combustion 
enhancement  in  the  scramjet  combustor  using  the  liquid  hydrocarbon  fuel  jets  aerated 
by  air  in  the  modified  aeroramp  configurations  (five  variants  with  three  kinds  of 
aeroramps  ,  including  baseline  ones). 

The  study  was  carried  out  at  TsAGI  test  facility  T-13  IB  using  the  direct-connect 
tests.  The  intermediate  results  of  the  work  were  presented  in  the  first  interim  report 

[4]. 

The  final  report  summarizes  the  description  of  the  test  facility  (paragraph  2), 
supersonic  combustor  model  (paragraph  3),  injectors  (paragraph  4),  tests 
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methodology  and  instrumentation  (paragraph  5),  results  of  tests,  their  analysis  and 
discussions  (paragraph  6).  Conclusions  are  given  in  paragraph  7. 


2.  Experimental  facility 

The  experimental  investigation  of  combustion  of  liquid  hydrocarbon  fuel  jets  aerated 
by  gas  (air  or  hydrogen)  was  performed  in  the  direct-connect  facility  of  TsAGI  T- 
13 IB.  Kerosene-air  vitiated  heater  with  oxygen  replenishment  was  used  to  provide 
the  high  enthalpy  flow  with  the  desired  values  of  the  stagnation  pressure  Pt  and  the 
stagnation  temperature  Tt  and  the  mass  fraction  of  free  oxygen  Y02  (23%). 

The  kerosene  combustion  efficiency  in  the  heater  was  close  to  1.  The  estimates  based 
on  the  results  of  numerical  calculations  show  that  the  combustion  products  from  the 
heater  at  Tt  <  2000  K  practically  consist  of  C02,  H20,  N2,  02,  i.e.  there  is  no 
dissociation.  A  summary  of  the  total  flow  parameters  and  other  parameters 
characterizing  the  facility  and  combustor  operation  regimes  are  given  in  Table  No.  1 . 
Figure  1  shows  the  scheme  of  the  facility  and  supersonic  combustor.  Kerosene  was 
supplied  into  the  heater  through  a  two-dimensional  fuel  manifold  equipped  with 
rotary-type  injectors  (discharge  nozzles)  for  spraying  the  liquid  fuel. 

The  oxygen  and  air  were  supplied  into  the  heater  through  the  Venturi-type  nozzles 
with  the  nozzle  throat  diameters  of  7.5  and  14.4  mm,  respectively.  The  choice  of  such 
sizes  of  the  Venturi-type  nozzles  is  specified  by  providing  the  oxygen  mass  fraction 
of  23%  in  the  heater  at  the  gas  stagnation  temperature  Tt=1700  K. 

To  generate  a  supersonic  flow  at  the  combustor  entry,  a  two-dimensional  Mach  2.5 
nozzle  was  used.  The  throat  dimensions  of  the  nozzle  are  10.6  x  100  mm2  and  the  exit 
section  dimensions  are  30  x  100  mm2.  The  nozzle  was  designed  by  the  method  of 
characteristics  for  the  Mach  number  M  =  2.5,  the  ratio  of  specific  heats  used  for 
calculations  was  taken  equal  1.33.  The  constructions  of  the  heater  and  nozzle  are 
cooled  by  water. 
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3.  Supersonic  combustor 

The  schematic  view  of  the  combustor  is  shown  in  Fig.  2.  The  combustor  duct 
consisted  of  4  sections  (6  segments)  bolted  together: 

-  the  first  was  150  mm  long  with  the  constant  area  section  of  30  x  100  mm2  (one 
segment); 

-  the  second  was  150  mm  long  with  the  divergence  angle  of  3.0  degree  along  the 
upper  wall,  exit  cross-area  section  is  37.8x100  mm2  (one  segment); 

-  the  third  was  300  mm  long  with  the  divergence  angle  of  2.3  degree  along  the  upper 
wall,  exit  cross-area  section  is  49.9x100  mm2  (one  segment); 

-  the  forth  was  450  mm  long  with  the  constant  cross-area  section  of  49.9x100  mm2  (3 
segments,  each  of  them  150  mm  long). 

The  total  length  of  the  combustor  was  1050  mm;  the  area-expansion  ratio  of  the 
combustor  was  1.67.  The  combustor  is  smoothly  attached  to  the  nozzle,  since  the 
cross-area  section  of  the  combustor  duct  entry  coincides  with  the  rectangular  exit 
nozzle  section  with  dimensions  of  30x100  mm2.  The  combustor  cross-section 
(beginning  from  the  distance  50  mm  from  the  entrance  section)  has  round  comers; 
the  radius  of  rounding  is  5  mm.  The  combustor  walls  were  uncooled,  they  are  made 
of  heat-resistant  steel,  the  wall  thickness  is  8  mm.  The  combustion  times  during  test 
runs  did  not  exceed  6  seconds  to  avoid  excessive  wall  temperatures. 

The  upper  and  lower  walls  of  the  combustor  are  drained  by  the  holes  (46  locations) 
for  measuring  the  static  pressure  on  the  wall  along  the  combustor  with  a  spacing  of 
30  -50  mm. 

At  the  upper  wall  there  are  also  holes  along  the  combustor  duct  for  installation  of 
heat  flux  sensors. 

An  exhaust  diffuser  (into  which  the  vertical  5-point  pitot  pressure  rake  cooled  by 
water  was  installed)  can  be  attached  to  the  last  segment  of  the  combustor.  The  last 
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segment  of  the  combustor  is  equipped  with  a  manifold  (collector)  for  a  normal 
injection  of  air  jets  into  the  combustor  duct  that  allows  us  to  perform  the  combustor 
flow  throttling  that  is  necessary  for  establishing  conditions  for  the  fuel  ignition  and 
combustor  start. 

The  first  combustor  segment  has  a  hatch  on  the  upper  wall  and  the  second  combustor 
segment  has  a  hatch  on  the  lower  wall,  dimensions  of  which  are  80x90  mm2. 
Different  types  of  injectors  for  fuel  supply  can  be  installed  at  the  hatch  covers. 

4.  Injectors 

Three  kinds  of  aeroramp  -  injectors  for  supplying  the  liquid  hydrocarbon  fuel  jets 
aerated  by  gas  were  investigated  [1,4]: 

-  injectors  of  the  baseline  configuration  mounted  (in  pairs)  at  the  upper  and  bottom 
walls  of  combustor  (variant  I); 

-  injectors  of  the  baseline  configuration  mounted  at  the  upper  wall  of  combustor 
(variant  II); 

-  injectors  with  the  different  from  baseline  configuration  angles  of  fuel  injection 
and  geometry  nozzles  (variant  III); 

-  aeroramp  -  injectors  with  separate  feed  of  nozzles  by  air  (1-st  row)  and  by  fuel 
aerated  by  air  (2-nd  and  3-d  rows),  all  others  characteristics  as  for  the  baseline 
configuration  (variant  IV  and  V). 

In  the  1-st  variant  aeroramp  -  injectors  (overall  number  4  pieces)  were  mounted 
in  one  row  at  the  distances  of  95  mm  and  of  205  mm  from  the  combustor  entrance  at 
the  upper  and  bottom  combustor  walls,  respectively,  and  25  mm  from  the  side  walls. 
The  installation  scheme  of  the  aeroramp  s  at  the  cover  and  location  of  each  of  9  holes- 
nozzles  of  the  diameter  d  =  0.6  mm  are  presented  in  Fig.3. 

In  the  2-nd  variant  aeroramp  -  injectors  (2  pieces)  were  mounted  in  one  row  at 
the  distances  of  95  mm  from  the  combustor  entrance  at  the  upper  combustor  wall  and 
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25  mm  from  the  sidewalls.  The  geometry  and  scheme  of  the  aeroramps  are  presented 
in  Fig.4. 

In  the  3-d  variant  aeroramp  -  injectors  (2  pieces)  with  the  different  from 
baseline  configuration  angles  of  fuel  injection  and  geometry  were  mounted  at  the 
combustor  walls  as  for  the  2-nd  variant.  The  geometry  and  scheme  of  the  aeroramps 
are  given  in  Fig.5. 

In  the  4-th  and  5-th  variant  aeroramp  -  injectors  (2  pieces)  with  separate  feed 
of  nozzles  by  air  and  by  fuel  aerated  by  air  were  mounted  at  the  combustor  walls  as 
for  the  2-nd  variant.  In  the  4-th  variant  air  supplied  to  the  1-st  row  and  fuel  to  the  2- 
nd  and  3-d  rows.  In  the  5-th  variant  air  supply  to  the  1-st  row  was  small  with  respect 
4-th  variant  (~  1 0%).  The  geometry  and  scheme  of  the  aeroramps  are  presented  in 
Fig.6. 

The  liquid  hydrocarbon  fuel  jets  will  be  aerated  by  air  with  the  mass  fraction  of  gas  < 

0.1. 


5.  Tests  methodology  and  instrumentation 

Test  runs  are  performed  in  the  following  sequence: 

•  the  data  acquisition  system  is  switched  on; 

•  the  air-heater  is  switched  on  and  the  required  conditions  with  respect  to 
the  stagnation  pressure  Pt  and  temperature  Tt  are  attained; 

•  the  fuel  supply  into  the  combustor  and  also  air  for  variants  IV  and  V  is 
included  on  the  beforehand  given  regime  by  pressure  and  fuel  rate; 

•  the  kerosene-air  mixture  is  ignited  using  an  air  jet  pulse  (0.5  -  1  s) 
through  a  flush  wall  injector  located  at  the  end  combustor  segment  (pulsed 
combustor  throttling); 

•  after  ignition  and  reaching  the  steady  combustion  process  the  fuel 
supply  is  continued  during  5  -  6  s; 
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•  minimum  fuel  equivalence  ratios  ER  at  which  the  extinction  of  the 
flame  take  place  (i.e.  fuel  lean  blowout  limit)  were  determined  by  continuous 
decreasing  of  the  fuel  rate. 

During  tests  the  following  parameters  are  measured: 

-  pressure  distributions  at  the  combustor  walls  along  the  duct; 

-  heat  fluxes  to  the  combustor  walls  along  the  duct  length; 

-  total  pressure  at  the  exit  section; 

-  pressure  in  the  fuel  manifold  and  mass  rate  of  fuel; 

-  pressure  and  temperature  of  oxygen  before  the  Venturi  tube; 

-  pressure  and  temperature  of  air  before  the  Venturi  tube; 

-  pressure  and  mass  rate  of  kerosene  before  the  fuel  collector  of  the  air-heater; 

-  pressure  in  the  air-heater. 

The  scheme  of  measurements  for  the  combustor  model  and  the  test  facility,  as 
well  as  the  ranges,  measuring  devices  are  given  in  Fig. 7. 

During  tests  the  video  of  burning  of  fuel  on  the  exit  of  the  combustor  is  carried 
out. 

Visualization  of  the  flow  patterns  and  of  fuel  sprays  in  the  supersonic  flow  at 
the  combustor  exit  is  done  by  the  use  of  two  videosystems:  schlieren  system  in  the 
horizontal  plane  and  the  colour  video-system  in  vertical  plane.  The  injectors  are 
mounted  at  the  special  stand  at  the  exit  of  the  combustor. 
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6.  Test  results 

Nine  test  runs  were  performed  (see  Table  No.l).  Test  runs  No.l  and  No.9  were 
conducted  with  aeroramp-type  injectors  (overall  number  is  4  injectors)  mounted  in 
one  row  at  the  distances  of  95  mm  and  of  205  mm  from  the  combustor  entrance  at  the 
upper  and  bottom  combustor  walls.  In  the  test  run  No.9  the  vertical  total  pressure 
rake  was  installed  at  a  distance  of  1050  mm  from  the  combustor  entrance. 

Test  run  No.2  was  conducted  with  injectors  of  the  baseline  configuration  mounted  at 
the  upper  wall  of  combustor. 

Test  runs  No.3,  4  and  No. 5  were  conducted  with  modified  injectors  mounted  at  the 
upper  wall  of  combustor  (variants  III,  IV  and  V). 

In  test  runs  No. 6,  7  and  No.  8  visualization  of  the  liquid  hydrocarbon  fuel  jets  aerated 
by  air  and  injected  through  the  aeroramp-injectors  was  performed  without 
combustion  (Fig.24-26).  Fuel  rates  through  injectors  were  20,  23.5  and  28  g/s  for 
variants  III,  IV  and  V,  respectively.  The  relative  fuel  rate  (respectively  to  the  fuel  rate 
through  nozzles)  was  0.2  for  variant  IV.  The  injectors  were  installed  at  the  combustor 
exit  at  the  distance  of  900  mm  from  the  combustor  entrance,  ensuring  the  possibility 
to  perform  the  visualization  in  the  free  flow. 

Figs. 8  and  9  show  the  axial  normalized  pressure  (the  ratio  of  the  static  pressure  to  the 
heater  pressure)  distributions  on  the  combustor  walls  for  the  baseline  injectors 
mounted  at  the  upper  and  bottom  combustor  walls  in  the  test  run  No.  1 . 

Fig.  10  show  the  normalized  static  pressure  distributions  along  the  combustor  walls 
for  the  test  run  No.2  for  the  injectors  with  baseline  configuration  mounted  at  the 
upper  wall  of  combustor. 

Figs.  11  and  12  shows  the  axial  normalized  pressure  distributions  on  the  combustor 
walls  for  the  injectors  with  the  different  from  baseline  configuration  angles  of  fuel 
injection  and  geometry  nozzles  mounted  at  the  upper  combustor  wall  (test  run  No.3). 
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Figs.  13-16  show  the  axial  normalized  pressure  distributions  on  the  combustor  walls 
for  the  injectors  with  separate  feed  of  nozzles  by  air  and  by  fuel  mounted  at  the  upper 
combustor  wall  (test  runs  No.4  and  No.5). 

The  total  pressure  measurements  at  the  distance  of  1050  mm  from  the  entrance, 
presented  in  Fig.  17  (which  were  carried  out  by  means  of  the  rake),  show  that  a 
practically  uniform  flow  occurred  in  the  test  run  No.l . 

The  heat  flux  distributions  measured  along  the  upper  wall  of  the  combustor  in  the  test 
runs  No.l -No.5  are  presented  in  Figs.  18-22.  From  the  heat  flux  distributions  to  the 
walls  of  the  divergent  part  of  it  is  seen  that  the  heat  flux  magnitudes  are  considerably 
large  for  upper  wall  than  for  bottom  wall  (see  Figs.  10,  11  in  report  [1]):  qvv=2.3- 
2.5xl06  and  qw=1.3-1.7xl06  W/m2  for  upper  and  bottom  walls,  respectively. 

The  estimation  of  the  efficiency  of  the  combustion  and  mixing  of  the  liquid 
hydrocarbon  fuel  jets  aerated  by  gas  was  carried  according  to  the  increment  of  the 
axial  component  of  the  integrated  inner  pressure  force  and  the  combustion  efficiency 
(see  details  in  [6,7]).  The  increment  of  the  axial  component  of  the  integrated  inner 
pressure  force  was  determined  from  the  measured  (with  and  without  combustion) 
static  pressure  distributions  using  the  following  relationship: 

(Pea*  )&&*  ( 1 ) 

Af=AJrl  It, 

/,=(/>+  pV2)hw, 

where  6  is  the  local  wall  angle  with  respect  to  the  flow  direction,  x  is  the  axial 

coordinate,  w  is  the  duct  width,  /,  =  (P  +  pV2)hw  is  the  total  gasdynamic  impulse 
at  the  combustor  entrance. 

Further  analysis  of  the  investigation  results  took  into  the  account  the  estimated 
combustor  efficiency  (mixing  and  burning)  concerning  the  level  of  pressure 
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increment  along  the  combustor,  relative  increment  of  axial  component  of  the 
integrated  inner  pressure  force  on  the  combustor  walls,  changing  of  the  thermal  flows 
level,  burning  efficiency  ratio  on  900  mm  from  the  combustor  inlet.  Qualitative 
evaluation  of  the  injectors  in  a  specific  combustor  was  also  made  on  the  basis  of  the 
analysis  of  conditions  under  which  the  extinction  of  the  flame  occurs. 

Comparative  analysis  of  the  test  runs  results  No.  1  and  2  (variants  I  and  II)  show  that 
when  the  fuel  is  supplied  through  baseline  configuration  injectors  from  two  opposite 
walls  with  burning  fuel  then  the  flow  field  becomes  more  uniform  on  the  exit  of  the 
combustor  (fig.  17)  compared  to  the  one-side  fuel  supply  (Fig.  12  in  report  [1]).  The 
increment  of  the  axial  component  of  the  integrated  inner  pressure  force  (A  F)  for 
variant  I  and  ER=0.52  is  20%  larger,  than  with  one  side  fuel  supply  (see  Fig.  27,  28, 
30  and  Tab.  No.2).  The  extinction  of  the  flame  for  variant  I  takes  place  with 
ER=0.346  (Fig.9),  while  for  baseline  variant  II  it  occurs  when  ER=0.33  [1]. 

For  one  side  fuel  supply  through  injectors  with  the  increased  angles  of  nozzles 
installed  in  2-nd  and  3-d  rows  (variant  III)  the  increment  of  the  axial  component  of 
the  integrated  inner  pressure  force  is  also  larger  and  equals  to  18%  for  ER-0.5 
(Fig.28).  The  extinction  of  the  flame  for  variant  III  takes  place  with  ER=0.358 
(Fig.  12). 

Injectors  with  separate  feed  of  nozzles  by  air  (1-st  row)  with  a  relative  air  flow  rate  < 
0.2  and  with  fuel  supply  through  2-nd  and  3-d  rows  (variant  IV)  with  ER=0.5  provide 
an  extra  increment  of  the  axial  component  of  the  integrated  force  by  30-35%  (when 
burning)  compared  to  the  baseline  injectors  (Fig.  29,  30).  The  extinction  of  the  flame 
for  variant  IV  takes  place  with  ER=0.365  (Fig.  14). 

Injectors  with  separate  feed  of  nozzles  by  air  (1-st  row)  with  a  relative  air  flow  rate  < 
0.02  and  with  fuel  supply  through  2-nd  and  3-d  rows  (variant  V)  with  ER-0.5 
provide  an  extra  increment  of  the  axial  component  of  the  integrated  force  by  20% 
(when  burning)  compared  to  the  baseline  injectors  (Fig.  29).  The  extinction  of  the 
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flame  for  variant  V  takes  place  with  ER=0.361  (Fig.  16). 

The  figure  30  presents  the  normalized  increments  of  the  axial  component  of  the 
integrated  inner  pressure  force  A  F  induced  by  the  combustion  (for  the  all  variants). 
From  Fig.30  it  is  seen  that  the  A  F  increases  with  the  growth  of  the  ER  and  for  the 
modified  injectors  it  is  considerably  higher  than  for  the  baseline  injectors. 

The  combustion  efficiency  was  calculated  by  using  a  one-dimensional  methodology 
[5]  based  on  the  solution  of  the  equations  of  energy,  mass  and  momentum 
conservation  at  the  known  experimental  values  of  the  pressure  distribution  along  the 
combustor  walls  (pressure  was  assumed  to  be  constant  across  the  duct  section).  The 
calculated  combustion  efficiency  and  mass-averaged  flow  parameters  Mach  number 
M  and  total  pressure  losses  a  for  the  section  at  the  distance  of  900  mm  from  the 
combustor  entrance  are  given  in  Table  No.2. 
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7.  Conclusions 

The  experimental  study  of  the  combustion  of  the  liquid  hydrocarbon  fuel  jets  aerated 
by  air  were  performed  in  the  two-dimensional  diverging-area  supersonic  combustor 
with  the  use  of  three  kinds  of  modifications  of  baseline  aeroramp  -  injectors.  The 
experiments  were  performed  with  the  following  flow  parameters  at  the  combustor 
inlet:  Mach  number  M=2.5,  the  stagnation  temperature  Tt=T  635- 1742  K,  stagnation 
pressure  Pt=l .8-1 .84  MPa,  the  mass  fraction  of  free  oxygen  Y02  =  0.216-0.235, 
ER=0. 343-0.65.  The  following  results  were  obtained: 

1-  The  fuel  supply  through  the  injectors  of  the  baseline  configuration  mounted  (in 
pairs)  at  the  upper  and  bottom  walls  of  combustor  gave  a  more  uniform  vertical  fuel 
distribution  in  the  combustor  duct  and  increase  the  combustion  efficiency. 

2-  Investigated  schemes  of  the  injectors  (the  variants  I,  III,  IV,  V)  in  comparison 
with  baseline  scheme  (the  variant  II)  produced  a  larger  increment  of  the  axial 
component  of  the  integrated  inner  pressure  force. 

3-  Combustion  efficiency  varies  greatly  depending  on  positioning  of  the  nozzles  in 
injectors  as  well  as  on  the  distribution  of  fuel  and  air  supply  along  the  rows. 

4-  The  extinction  of  the  flame  for  the  injectors  investigated  (except  the  variant  II) 
take  place  in  the  range  ER=0.346-0.365. 
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Table  Nol.  Tests  conditions 


Run  number 


1.83 

1716 

1.82 

1696 

1.81 

1714 

1.8 

1635 

1.81 

1646 

1.81 

1651 

1.81 

1726 

1.82 

1696 

1.82 

1702 

0.229 


0.216 


0.23 


0.235 


0.232 


0.227 


0.229 


0.236 


Iniector-aeroramp  (variant  2 


1.81 

1691 

1.81 

1698 

1.8 

1677 

1.81 

1689 

1.8 

1705 

1.8 

1700 

1.82 

1678 

1.82 

1683 

1.81 

1663 

1.81 

1678 

1.81 

1720 

2.55 

1450 

1.81 

1679 

1.81 

1676 

1.81 

1670 

1.82 

1698 

1.82 

1706 

1.82 

1704 

1.81 

1681 

2.58 

1500 

1.84 

1742 

1.83 

1720 

1.83 

1717 

1.82 

1716 

1.82 

1716 
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1.81 

1698 

0.23 

1.82 

1711 

0.228 

2.55 

1480 

0.27 

*  -  run  with  rake  at  X=900  mm  section  from 
combustion  entrance 

**  -  run  with  visualization  of  jets 


Y02-  oxygen  mass  fraction  in  heater  gas  ER  - 

equivalence  ratio 

Pmix  -  pressure  of  injection 

Ybar-  barbotage  mass  frection  (GRas /  Gsum ) 


Table  No2.  Flow  parameters  at  the  distance  x=900  mm  from  the 

combustor  entrance 


RUN 


1 

0.656 

0.963 

0.363 

1.06 

95 

0.521 

0.952 

0.351 

1.07 

99 

0.424 

0.940 

0.346 

1.17 

99 

0.368 

0.969 

0.341 

1.15 

99 

0.346 

0.770 

0.358 

1.32 

Variant  II 

2 

0.576 

0.935 

0.356 

1.07 

99 

0.508 

0.920 

0.349 

1.09 

99 

0.42 

0.862 

0.338 

1.12 

Variant  III 

3 

0.641 

0.941 

0.359 

1.02 

99 

0.507 

0.944 

0.351 

1.09 

99 

0.417 

0.914 

0.336 

1.06 

99 

0.391 

0.864 

0.341 

1.19 

99 

0.358 

0.843 

0.342 

1.23 

Variant  IV 

4 

0.548 

1.0 

0.321788 

1.06 

99 

0.507 

0.991 

0.315164 

1.08 

99 

0.42 

0.921 

0.302199 

1.10 

99 

0.385 

0.910 

0.299224 

1.13 

99 

0.365 

0.852 

0.299005 

1.20 

Variant  V 

5 

0.541 

1.0 

0.354 

1.07 

99 

0.502 

0.979 

0.351 

1.10 

99 

0.417 

0.902 

0.336 

1.10 

99 

0.379 

0.891 

0.336 

1.18 

99 

0.361 

0.708 

0.354 

1.35 
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Figure  captures 

Fig.  1  Scheme  of  the  test  facility. 

Fig.2  Schematic  view  of  the  model  combustor. 

Fig.  3  Installation  scheme  of  the  aeroramps  at  the  cover  (variant  I). 

Fig.4  Scheme  of  the  aeroramp-injectors  (baseline,  variant  II). 

Fig.5  Scheme  of  the  modified  aeroramp-injectors  (variant  III). 

Fig.6  Scheme  of  the  modified  aeroramp-injectors  (variant  IV, V). 

Fig.7  Scheme  of  measurements  for  the  combustor  and  test  bed. 

Fig.8  Wall  pressure  distributions  along  the  combustor  (RUN  No.  1). 

Fig.9  Wall  pressure  distributions  along  the  combustor  for  modes  of  burning  and 
blowout  (RUN  No.  1). 

Fig.  10  Wall  pressure  distributions  along  the  combustor  (RUN  No.2). 

Fig.l  1  Wall  pressure  distributions  along  the  combustor  (RUN  No. 3). 

Fig.  12  Wall  pressure  distributions  along  the  combustor  for  modes  of  burning  and 
blowout  (RUN  No.3). 

Fig.  13  Wall  pressure  distributions  along  the  combustor  (RUN  No.4). 

Fig.  14  Wall  pressure  distributions  along  the  combustor  for  modes  of  burning  and 
blowout  (RUN  No.4). 

Fig.  15  Wall  pressure  distributions  along  the  combustor  (RUN  No. 5). 

Fig.  16  Wall  pressure  distributions  along  the  combustor  for  modes  of  burning  and 
blowout  (RUN  No. 5). 

Fig.  17  The  total  pressure  profile  at  the  combustor  exit  section  (RUN  No. 9). 

Fig.  18  Heat  flux  distribution  along  the  upper  combustor  wall  (RUN  No.l). 

Fig.  19  Heat  flux  distribution  along  the  upper  combustor  wall  (RUN  No.2). 

Fig.20  Heat  flux  distribution  along  the  upper  combustor  wall  (RUN  No.3). 

Fig.2 1  Heat  flux  distribution  along  the  upper  combustor  wall  (RUN  No.4). 
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Fig.22  Heat  flux  distribution  along  the  upper  combustor  wall  (RUN  No. 5). 

Fig.23  Flow  pattern  of  fuel  jets  aerated  by  air  in  supersonic  flow,  injection 
through  aeroramps  [1]. 

Fig.24  Flow  pattern  of  fuel  jets  aerated  by  air  in  supersonic  flow,  injection 
through  aeroramps  (RUN  No.6). 

Fig.25  Flow  pattern  of  fuel  jets  aerated  by  air  in  supersonic  flow,  injection 
through  aeroramps  (RUN  No.7). 

Fig.26  Flow  pattern  of  fuel  jets  aerated  by  air  in  supersonic  flow,  injection 
through  aeroramps  (RUN  No.8). 

Fig.27  Comparison  of  wall  pressure  distributions  along  the  combustor  for 
variants  I,  II,  III,  IV  and  V. 

Fig.28  Comparison  of  wall  pressure  distributions  along  the  combustor  for 
variants  I,  II  and  III. 

Fig.29  Comparison  of  wall  pressure  distributions  along  the  combustor  for 
variants  II,  IV  and  V. 

Fig.30  Comparison  of  normalized  combustion  induced  pressure-area 
integrals  for  aeroramps. 
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